Concerning the widespread use of X-rays to detect various diseases, such as oral and dental ones, it is essential to study the effects of this radiation on living cells. From the past, genetic effects and cell death because of X-rays have been studied. In addition, the effect of this ionizing radiation on the mechanical properties of the cell and cytoskeleton has been studied, but different results have been obtained based on different models. In this study, post-culture gingival fibroblast cells were classified into two groups of control and radiation with Nano Magnetic Particles functionalized by folic acid. The cells of the radiation group were exposed to X-rays of 3 mGy·cm 2 . The specimens were undergone static creep test by a magnetic tweezer. Spring and damper coefficients were obtained based on the viscoelastic solid modeling. The static and dynamic stiffness of the groups was also calculated. The maximum deformation was decreased after radiation from 0.049 ± 0.01 µm to 0.029 ± 0.01 µm and the static stiffness of the model was 1.6 times decreased. Also, the gel point frequency for the control group was 27 Hz and for the radiation group was 7.5 Hz. The results show that the static and dynamic stiffness of the cells decreases after radiation, and less deformation appears in the cells after irradiation. These changes can be due to the breakdown of membrane chemical bonds and activation of actin fibers after radiation.
Introduction
Radiation of ionizing rays, especially radiations emitted from radioactive materials, plays a vital role in medicine. Nowadays, the use of these radiations at various stages, including the diagnosis and treatment of diseases, has increasingly contributed to the advancement of medical science. Ionizing radiation is one of the most important and practical forms that has many applications in the treatment and diagnosis of various diseases. Among the most commonly used technologies, there are radiology for imaging damaged hard tissue, CT scan for imaging soft tissues and cancer tumors, fluoroscopy for imaging living tissues and radiotherapy for cancer treatment (Health and Physics, 2009). Despite the benefits of X-rays to detect and treat diseases, the X-ray radiation has considerable potential for penetration into living tissues due to its high energy, which can have an adverse effect on living cells or tissues, or lead to an abnormal function. According to the International Commission of Radiological Protection (ICRP, 2007) , the effects of these radiations are divided into two types: definitive effects (if the radiation dose is much higher than the allowable limit, which can lead to reaction in tissues of the body) and possible effects (which are more known as the effects on DNA of cells and can lead to harmful effects, including cancer) (Valentin, 2007) . These negative effects depend on different factors such as the type of radiation, radiation rate, type of tissue or the cell receiving radiation and the dosage of radiation (Verma et al., 2016) . Many previous papers and studies suggest negative effects of X-rays (Risi et al., 2012) .
One of the radiations applied to the body through the use of medical devices is the X-ray for Panoramic Radiology. This technique is widely used today for preparation of flat images from curved surfaces of tooth and jaw. This method is an effective way to check teeth arrangement and their health status (Boeddinghaus and Whyte, 2008) . Recently, it has been found in some articles and scientific studies that X-rays radiated from this device can have an adverse effect on tissues and cells of the human body. For example, Preethi et al. (2016) found in their study on the impact of Panoramic Radiology and its effect on Genotoxic that this X-ray imaging method can increase formation of micronuclei in the cell membrane. In fact, micronuclei and their increasing production in the cell are indicative of the increased cell death (Preethi et al., 2016) . Also, EMM Cerqueira et al. (2008) addressed in another study the effect of X-ray radiated on epithelial cells of gum during Panoramic Radiology. Their results also indicate the impact of this radiation on the increase in cell death (Cerqueira et al., 2008) . In addition to mentioned studies and the adverse effects of X-rays on DNA and the cell structure, a number of current studies and papers show the effects of X-rays on mechanical properties of cells and tissues in the body. Thomas et al. (2003) studied the effect of X-rays with three different doses of 0 (control), 25 and 50 grays on blood cells (platelets and lymphocytes) and found that the increased radiative dose of X-rays can lead to increased cellular rigidity. They also found that Young's modulus of irradiated platelets increased compared to the control group, and the viscosity of the cytoplasm of the irradiated lymphocytes increased compared to the control group (Thomas et al., 2003) . In another study, Panzetta et al. (2017) investigated the effect of X-rays with the intensity of 1 and 2 Gy on SV40 and BALB/c3T3 cells. According to their study, mechanical properties of the skeleton of the cells under radiation have increased (Panzetta et al., 2017) . The mechanical properties of the cells are important because, along with chemical properties, they can be considered as a marker for diagnosis of cell health. Due to the importance of this fact, we know today that the advent of various diseases causes changes in chemical and mechanical properties of the cells. Hence, these mechanical changes can be recognized as an indicator for the diagnosis of a damaged cell from the healthful one (Rianna and Radmacher, 2016; Rosenbluth et al., 2008) . One of the mechanical properties whose change can be related to structural changes resulting from the damaged or ill cell are the viscoelastic properties of the cell (Bao and Suresh, 2003; Ingber, 2002) .
Therefore, we have investigated the effect of X-ray emitted in Periapical Radiology on the mechanical properties (viscoelastic) of gingival fibroblastic cells by Magnetic Tweezer Cytometry (MTC). Our assumption in this paper is that, firstly, because X-ray radiation is an ionizing one, it can make changes in the cell structure and proteins of the cytoskeleton, thereby, decreases the stiffness and increases deformation. In this research, we used Nano Magnetic Particles (NMP) instead of Micro Magnetic ( 
Materials and methods

Cell line
Cellular specimens in this experiment were human gingival fibroblasts (HGF). The cells have been initially cultured at Iranian biological research center (IBRC) in 1.5 ml DMEM (Dulbecco's Modified Eagle's medium), 20% FCS (Fetal Calf Serum) with 7% magnetic nanoparticle solution functionalized by folic acid at concentration of 1000 ppm and 10 nm±5 nm in size for 4 hours at a temperature of 26.5 • C and in the presence of 5% Co 2 in 10 dishes with 35 mm diameter. After the number of cells in each of the Petri dishes reached 3 · 10 6 , the cells were removed from the culture and after freezing transferred to the laboratory for the other stages of the experiment. In the next step, out of 10 Petri dishes, 5 were assigned to the normal group and 5 were allocated to the radiation group. At the last stage, the specimen was defreezed by incubator at 37 • C and transferred to the Magnetic Tweezer system for testing.
The source of X-ray
In this experiment, Periapical Radiology (Helio Dent Plus, Sirona) in Dr. F. Momeni Maxillofacial Radiology Center was used. The device has radiated X-ray dose of 3 mGy·cm 2 with a voltage of 60 kV and a period of 0.02 second on specimens. The radiation dose was calculated from the dental periapical radiography.
Magnetic Tweezer
A Magnetic Tweezer was used for the test. The method and mechanical load applied by the device to the cells have been mentioned in references and previous studies (Kollmannsberger and Fabry, 2007) . The magnetic tweezer system used in this study includes the following parts: the magnetic tip, coil holder and a coil with a ferrous metal core with a 1500 rounds copper wire with 0.7 mm diameter. A pulse generator (AFG3000, GW Instek, Taiwan) was also used to create the required mechanical pulse. The device imaging part also includes a microscope (KM1000, CHINA) and a camera (5 Megapixels, 60 frames per second) for recording sample images and videos.
Calibration
In order to ensure the accuracy of the results, the device was calibrated prior to the testing stages according to the methods described in previous studies and references (Tanase et al., 2007 ).
Test procedure
Initially, the media of normal cells and radiated cells were evacuated by the micropipette. Four cells were collected in each dish randomly. Totally, 20 cells were tested in each group. The samples undergone pre-conditioning before the test. For this purpose, preloading was performed during 10 cycles with 2.5 s of loading and 2.5 s of unloading. In the next step, the samples of both groups were loaded and the constant force of 299 pN was applied to the samples for 2.5 s. A cell was selected as a sample from each of the Petri dishes. Then, using the recorded image processing of each sample, the amount of cell membrane displacement was obtained during the testing period. Processing of the recorded images of the samples was performed by open source software (TRACKER4.92). The extracted data were analyzed statistically for each sample and the mean results of each sample were sorted. Then the mean displacement-time graphs were plotted with their standard deviations. Also, the displacement data at the same time for each sample were studied statistically. These data had were distributed on the normal graph for each cell according to the Anderson-Darling test. In order to determine the behavior of the specimens, the creep slope of the mean displacement-time diagram was considered as an indicator for determining the fluid-like or solid behavior of the specimens. After identifying the behavior of the samples, in order to find the closest mechanical model, the data were fitted by Mathematica 9 software, then the model with the least root-mean-square error (RMSE) was selected as the preferred model. In the next step, the unknown parameters of the mechanical model, i.e., the coefficients of spring and damper, were calculated by curve fitting. Then, having known the unknown parameters, the differential equation and the displacement function were obtained. The creep function of each cell could be obtained by these equations which represented the static stiffness of the cellular model. In addition, by solving the dynamic response of the differential equations, the loss and storage modules of each group were obtained. Additionally, the numerical value of D * which indicates the dynamic stiffness of the cell was calculated (Fig. 1 ). 
Results
After extracting the data from each sample video, the mean displacement-time graphs were plotted with standard deviations of each sample (Fig. 2) . The graphs indicate the displacement of the cell membrane under mechanical loading. Then, in order to study the behavior of the samples, the creep section of the graphs was determined and then the slope of the creep section was used as a criterion for determining the behavior of the samples. Therefore, the average of both groups exhibits solid behavior. This result is due to zero slope in the creep section of the time-displacement graphs. After determining the behavior of the samples, the best mechanical model and the static and dynamic stiffness were examined. First, before calculating the static stiffness, the mean displacement-time graphs were used to find the best mechanical model. The graphs were analyzed using Mathematica 9 curve fitting method. Between two mechanical models of Kelvin and the Standard Linear Solid Model, a model with the selected mechanical model for both the radiation and control groups with solid behavior is the standard linear solid model because of the least mean square error.
The stress-strain equation for the standard linear solid model has been specified as
In these equations, the values E 1 , E 2 , and η represent the coefficients of the springs and the damper, respectively. In order to simplify the main equation, the parameters λ, q 0 , q 1 and p 1 have been replaced by the expressions in the strain-strain equation.
After determining the appropriate mechanical model, the curve fitting of the time displacement graph was performed for the standard linear solid model, the results of which are shown in Fig. 3 . Also, the results of this curve fitting, which are the coefficients of the spring and the damper, have been specified in Table 1 . The correctness of the coefficients obtained from the samples has been determined by the P test (Beaujean et al., 2011) . After determining the selected mechanical model and calculating the coefficients of the springs and the damper, static stiffness has been calculated according to Eq. (3.3). In this equation, the value σ 0 is 299 pN (Fig. 4 ) To calculate the dynamic state of the samples, D * (complex creep function) was first drawn for both the radiation and control groups (Fig. 5 ). The equation related to D * is for materials with solid behavior according to Eqs. (3.4) and (3.5) in which ω is the loading frequency. This graph, according to Eq. (3.4), has two real and imaginary parts, both of which have been shown separately in the plotted charts
The results of plotting the mean time-displacement graphs (Fig. 2) show that the mean maximum deformation of the membrane in the control group is 0.049 ± 0.01 µm. While it was 0.029 ± 0.01 µm for the radiation group. The values indicate a decrease in deformation in the radiation group compared to the control group. The starting point of the creep response of samples is 0.1 s and 0.2 s for the control group and the radiation group with the same loading respectively. The results of the fitting curve ( Fig. 3) are presented in the table of parameters ( Table 1 ). The comparison of the obtained values indicates the increase of the damping coefficient η and the first spring of the model E 1 after radiation. Also, the coefficient of the second spring E 2 has decreased. It should be noted that this difference in coefficients is not enough to evaluate the viscoelastic properties. In the next section, for the creep function D(t), which is the static stiffness, the static stiffness of the radiation group was significantly lower than in the control group at all times. For example, in the static loading for 0.5 s, this value for the radiation group is 8.897 · 10 −5 m/(µN) and for the control group, it is 1.474 · 10 −4 m/(µN) (Fig. 4) . Regarding the frequency analysis of the models, changes in the behavior of the material model are evident concerning the frequency of loading after irradiation. Both groups exhibit solid behavior before the gel point, but they have different gel points. This point for the control group is 27 Hz and for the radiation group is 7.5 Hz. The behavior of both groups after this frequency is fluid. Also, the complex creep function D * , which represents the dynamic stiffness of the model, has reduced in all the post-test frequencies, for example, for a frequency of 1.57 Hz, which is the natural dynamic loading frequency of the jaw and tooth (chewing) (Po et al., 2011) . The amount of dynamic stiffness for the control and radiation groups is 1.483 · 10 −4 m/(µN) and 0.889 · 10 −4 m/(µN), respectively ( Fig. 5 ).
Discussion
According to the results of the current test, it can be concluded that the results obtained to determine the effect of X-ray radiation on cell deformation indicate a decrease of this parameter for irradiated cells compared to control cells. This conclusion is important because, according to our assumption and the results of previous studies as well as regarding the ionizing nature of X-ray, it was expected that the structure of the skeletal proteins would change, thereby, the deformation of the sample increased after radiation. This assumption was not seen in our data and, conversely, the deformation of the cell decreased in the radiation group compared to the control group. The main reason for this difference may be due to activation of actin strands in the cytoskeleton. Actin filaments play the central role in cell dynamic behavior according to polymerization. The filaments provide forces for numerous cell actions such as endocytosis, morphogenesis, and migration. Any changes in regulation of actin-binding proteins could affect cellular mechanical activities (Itoh et al., 2005; Saarikangas et al., 2010) . This suspicion is consistent with the findings of previous studies. Panzetta et al. (2017) studied the effect of X-rays on mechanical properties of cancerous and healthy cells. They found out that X-rays on both cancerous and healthy cells can activate strands of cytoskeleton and increase mechanical properties of the cytoskeleton (Panzetta et al., 2017) .
In addition, the results of our experiment showed a decrease in cellular stiffness in both static and dynamic conditions for irradiated specimens compared to controls. These results are entirely consistent with our initial assumption suggesting the ionizing effect on decreasing of the cellular stiffness. In fact, it can be concluded that X-rays have the potential for impact on the structure of macromolecules and cellular structural proteins due to ionizing properties (Sabanero et al., 2016) . Therefore, it can be concluded that this is the ionizing effect which has made a change in the structure of the proteins of cytoskeleton and reduced the cell stiffness. It is worth noting that there are many contradictory and consistent results in relation to this conclusion. For example, (Zheng et al., 2015) in their study on the effect of X-rays on the properties of cytoskeleton and biochemical properties of cancer cells of the tongue tissue found that X-rays can reduce Young's modulus of the cells and thus reduce their stiffness from 3.1±0.1 kPa to 0.9±0.1 kPa for 100 kVp X-ray. This result is fully consistent with our findings (Zheng et al., 2015) .
Also, Zhang et al. (2014) in another study on the effect of ionizing radiations (including X-ray radiation) on the stiffness of erythrocytes cells found that X-rays reduced the amount of Young's modulus of the cells and thus decreased their stiffness from 9.426 ± 0.66 kPa to 4.986 ± 0.76 kPa. They also measured the morphological differences which indicated that the cell volume declined from 41.036 ± 7.30 µm 3 to 38.996 ± 5.95 µm 3 (Zhang et al., 2014) . However, a number of previous studies have achieved quite different results. For example, Panzetta et al. (2017) in their experiment on the effect of high energy X-ray radiation on the mechanical properties of cells, showed that this radiation could increase the elasticity modulus and stiffness of the cells from 1.4±0.04 kPa to 1.8±0.07 kPa (for 2 Gy after 24 hours) (Panzetta et al., 2017) . Also, in their study on the effect of X-ray radiation on the mechanical properties of lymphocyte and platelets, Thomas et al. (2003) reported increasing elasticity modulus and stiffness. In addition to aforementioned, Du et al. (2014) in their study on the effects of X-rays on nerve cells reported an increase in Young's modulus and stiffness of cells after radiation from 0.4±0.1 kPa to 0.9±0.1 kPa. This difference in our findings and in a number of previous studies may be due to different cell lines or methods of measuring these properties. It should be noted that cells exhibit strain responses against environmental stress over time (Desprat et al., 2005; Selvaggi et al., 2010) . It is crucial for the viscoelastic behavior. Therefore, in this paper, the viscoelastic model has been used, and it explains the cellular behavior more properly.
